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The rotation angle is linearly proportional to the magnitude of the applied field. Accurate measurements of the polarization angle variation provide a means for monitoring the magnetic field. The Faraday effect in optical fibers has been successfully utilized for the measurement of the electric current that generates the magnetic field. 2 -5 For some other optical fiber sensors, such as fiber gyroscopes, the Faraday effect should be suppressed because it introduces nonreciprocal phase shift between the counterpropagating optical waves in the fiber. This nonreciprocity is the major feature that distinguishes the Faraday effect from the effect of fiber twist, which also induces circular birefringence. 2 The recent development of fiber laser sensors has opened up new possibilities of active fiber sensors with frequency readout, eliminating complicated electronic signal processing. 6 The polarization characteristics of fiber lasers play key roles for the sensors, and a thorough understanding of them is necessary for further development of such sensors. Previously we analyzed relatively complicated polarization behavior from a fiber laser cavity having a uniform elliptical birefringence induced by twisting a fiber cavity with intrinsic linear birefringence. 7 In this Letter we describe the effects of another important parameter, nonreciprocal birefringence induced by an external magnetic field, on the polarization properties of fiber lasers. Unlike for the case of twist-induced circular birefringence, the Faraday effect makes the eigen states of polarization (SOP's) elliptical polarizations at the location of the mirrors in the existence of an intrinsic linear birefringence in the fiber. The polarization mode beat (PMB) frequencies vary as a function of the magnetic field strength and can be utilized for magnetic field or current sensing with frequency readout. A theoretical analysis predicts the experimental observation with reasonable agreement.
The SOP of the laser output has to satisfy a laser resonance condition in that it has to come back to the same SOP after a complete round trip inside the laser cavity. 6, 8 If a Fabry-Perot fiber cavity has a uniform linear birefringence, the two eigen SOP's are linear, with their directions coinciding with those of the birefringence axes. 6 The two polarization components generally have different frequencies that depend on the magnitude of the birefringence of the fiber cavity. When the fiber cavity has a random birefringence along its length, the output SOP's are not so simple. An interesting property is that the eigen SOP's at the location of mirrors, and therefore the laser outputs, are always linearly polarized in the absence of a nonreciprocal element in the cavity. 7 Let us consider a fiber laser formed with two planar mirrors and an amplifying fiber (length l) with uniform intrinsic linear birefringence b ͑rad͞m͒ and twist-induced circular birefringence a T ͑rad͞m͒. It is assumed that the laser cavity does not have polarization-dependent loss. When uniform magnetic field is applied along the fiber axis, additional circular birefringence is induced in the fiber with the magnitude a H 2VH ͑rad͞m͒, 9 where V is the Verdet constant of 1.6 3 10 26 ͑rad͞A͒ at 1.06 mm for fused silica 10 and H is the axial magnetic field ͑A͞m͒. The twist-induced birefringence is reciprocal in that circularly polarized light (e.g., right-handed circular polarization), def ined in reference to its propagation direction, will experience the same refractive index regardless of the propagation direction along the fiber. 11 For the nonreciprocal circular birefringence induced by the magnetic field, the circularly polarized light will experience different refractive indices depending on whether the light is propagating along or against the direction of the applied magnetic field. 2, 9 This difference results in a signif icant consequence in polarization properties of fiber lasers. Although it is customary to def ine the SOP with respect to the propagation direction of light, the following discussions are based on the laboratory framework for the simplicity of calculation. In the laboratory framework, for a given circular SOP (e.g., electric-field vector rotating in a fixed direction in the laboratory frame), a T changes sign under the reversal of propagation direction, 7 whereas a H remains the same for the two cases.
7,8
For the light traveling in the backward direction, the Jones matrix A b is no longer the transpose of A f as in the case of a reciprocal situation without a magnetic field. 7 The magnitudes of elliptical birefringence for the forward and backward propaga-
Thus, for the light that makes a complete round trip in the laser cavity of length l starting from the output mirror in Fig. 1 , the Jones matrix describing the propagation of light becomes A f A b . If we neglect common optical phase terms, it can be represented as
where
The laser output must satisfy the resonance condition such that the optical wave has to come back to the same phase and SOP after one round trip inside the laser cavity. 6 This requirement leads to an eigenvalue equation whose solution provide two mutually orthogonal eigenpolarizations (eigenvectors) with their optical frequencies (eigenvalues). 7 A straightforward calculation leads to elliptical eigenpolarization modes with the PMB frequency ͑ f p ͒ given as
where c is the speed of light in vacuum and n is the refractive index of fused silica. It follows that the change in the PMB frequency Df p that is due to the applied magnetic field is
where d q a An easy method for inducing large circular birefringence is to twist the fiber. When a fiber is twisted, the twist rate t induces reciprocal circular birefringence, ͑g 2 2͒t, in the reference frame rotating with the fiber, where g is a constant of ϳ0.16. turns out to be small and is not discussed in detail in this Letter.
The fiber laser used for the experiment was constructed with a 1.46-m-long, Nd-doped fiber (provided by BT Laboratories) and two planar mirrors (99% and 90% ref lectance) glued to the ends of the fiber. The entire fiber cavity was kept straight, and a 50-cm-long hollow solenoid (1530 turns) was used to produce the axial magnetic field. An Ar 31 laser at 514.5-nm wavelength was used for pumping the fiber laser through the high-ref lectance mirror. The optical spectrum of the laser output did not change with the application of a magnetic field. A rotatable polarization analyzer and a rf spectrum analyzer were used to measure the PMB frequency. The longitudinal mode beat frequencies were observed at the harmonics of ϳ70 MHz, as expected from the cavity length. The PMB signals were observed between two adjacent longitudinal mode beat signals. 7 We measured the change in the PMB frequency, Df p , as a function of the applied magnetic field (or current) by applying an ac current at 60 Hz to the solenoid. Figure 3 shows the experimental results (symbols) for the PMB frequency shift as a function of the amplitude of ac current for different values of twist angle ͑u tl͒, along with the calculated results (curves). Figure 4 shows the dependence of Df p on the twist angle of the fiber laser cavity at the applied current amplitude of 14 A to the solenoid ͑H 42, 840 A͞m͒, showing reasonable agreement with the theoretical predictions, except for the peaks at higher twist angles.
In conclusion, we analyzed the response of PMB frequency of the fiber laser output to an axial magnetic field. A theoretical model describes the observed behavior of the laser with reasonably good agreement. The results presented here may be used for fiber current sensors and polarization control of fiber lasers.
